This study aims at clean production of 2-ethylhexyl palmitate catalyzed by lipase Fermase CALB 10000 in a solvent-free system using ultrasound technology. The central composite design (CCD) of response surface methodology with 4 factors at 3 levels consisting of acid to alcohol molar ratio (1:3-1:7), enzyme loading (3 %-7% (w/w)), ultrasound power (60 -100 W) and duty cycle (30%-70 %) was used for optimization of the reaction. All the reactions were carried out at a fixed temperature of 60°C, 200 rpm and reaction time (120 min). The statistical software, Design-Expert 9.0, was used for regression analysis and graphical analysis of the responses obtained by running the set of designed experiments. The polynomial equation of quadratic order was employed to fit the experimental data. The operating conditions for optimum synthesis of 2-ethylhexyl palmitate were molar ratio of 1:5.5, 5.61 % (w/w) of the enzyme with ultrasound power 79.54 W and duty cycle 48.04 %, leading to a reaction conversion as high as 96.56% in 120 min. The operational stability of the enzyme was maintained at >70% conversion up to 5 cycles. Thus, ultrasound is a promising green technology for the lipase catalyzed synthesis of ethylhexyl esters.
INTRODUCTION
2-ethylhexyl palmitate is a fatty acid ester derived from the esterification of 2-ethylhexanol and palmitic acid. It is harmless, clear and a very good skin care agent in cosmetic industries (Richetti et al., 2010a) . It is an important organic replacement for silicon and therefore it is widely used in the cosmetic industry for formulations as a solvent, carrying agent, emollient and as a fragrance ingredient (Khan & Rathod, 2015 , Deshmukh & Rathod, 2017 . It also finds wide application in the food, chemical, and pharmaceutical industry. It shows good consumption in polymer and lubricant industry as a plasticizer and solvent respectively (He et al., 2002; Richetti et al., 2010b) . The chemical method for synthesis of 2-ethylhexyl palmitate shows a number of drawbacks such as high energy consumption, the formation of many side products and tedious product purification steps. The enzymatic synthesis of ethyl hexyl esters has more significance owing to its greener route of synthesis and these green products are having great demand in the market. These enzymatic syntheses occur at mild operating conditions and provide selective products with great purity (Spinelli et al., 2014; Tan et al., 2006) . However, the enzymatic route shows mass transfer barriers when an enzyme in the immobilized form is used which may be overcome by application of ultrasound technology (Sancheti & Gogate, 2016 , Ajmal et al., 2016 De Souza et al., 2017) .
Ultrasound radiations cause cavitation in the liquid reaction system, consisting of different steps such as the formation of bubbles, subsequent growing and breaking of bubbles. The bubble collapse induces high pressure and temperature in the liquid medium, which is responsible for the physical and chemical processes. The intensity of the ultrasound creates shock waves responsible for the effective mixing of different phases and subsequently the rate of reactions increases. The optimum intensity of ultrasound can resolve the problem of mass transfer in enzymatic reactions. However, there are several reports showing the inactivation of enzyme because of the high intensity of ultrasound. Therefore, the study of optimum frequency and ultrasound intensity is essential for enzymatic reaction (Rokhina et al., 2009 , Gogate & Kabadi, 2009 Bansode & Rathod, 2017) . Ultrasound radiations enhance the diffusion of reactants into the enzymes as well as renew the interface by jets formed during cavitation. It also reduces the transportation barrier so that the enzyme reaches its target site and gives higher conversion in a smaller time span. It also prevents agglomeration of enzymes, which eventually improves enzyme stability. Ultrasound technology can drastically improve the rate of reaction and reduce the duration of reaction (Waghmare & Rathod, 2016) .
The traditional method used for optimization of enzymatic reactions varies only one factor at a time, keeping all other factors constant. This does not give a proper idea about the interaction of various parameters amongst each other. Response surface methodology (RSM) and central composite design (CCD) on the other hand enable one to elucidate the response or conversion by using various combinations of process parameters. This method brings about proper optimization of the reaction under study (Bezerra et al., 2008; Khan et al., 2016) .
Here, synthesis of 2-ethylhexyl palmitate was carried out by using Fermase CALB 10000, a commercial immobilized Candida antarctica lipase B in solvent free condition. The central composite design (CCD) of response surface methodology with 4 factors at 3 levels; consisting of acid to alcohol molar ratio, enzyme loading, ultrasound power, and duty cycle was used for optimization of reaction. The reusability of Fermase CALB 10000 under optimum reaction conditions was analyzed up to 5 cycles.
MATERIALS AND METHODS

Materials
2-Ethylhexanol and palmitic acid were purchased from Sigma-Aldrich, Mumbai, India. Fermase CALB 10000 a commercial lipase from Candida Antarctica B immobilized on a macroporous polyacrylate resin was kindly donated by Fermenta Biotech Ltd., Mumbai (India). The activity of the enzyme was reported as 10000 PLU/g. Methanol was purchased from S.D. Fine Chemical, Mumbai, India. Phenolphthalein, NaOH, ethanol, and potassium hydroxide were procured from Thomas Baker (Chemicals) Pvt. Ltd., Mumbai. All chemicals were analytical grade and used without purification.
Ultrasound assisted esterification reaction
The esterification reaction of 2-ethyl hexanol with palmitic acid was carried out in a 50 mL glass baffled reactor with 4 turbine glass impeller. The glass reactor was placed at a height of 2 cm from the base of an ultrasound water bath as reported in earlier work (Kulkarni & Rathod, 2014) . The ultrasound bath consists of 4 transducers having a frequency of 25 kHz with maximum power input of 200 W. The temperature of the bath was maintained at 60°C and reaction is studied in a solvent free system (SFS). The lipase was added into the homogeneous reaction mixture to initiate the reaction and the speed of agitation was kept at 200 RPM. The reaction samples were withdrawn periodically and titrated against 0.025 N KOH to determine the acid value. The percentage conversion was further calculated from the acid value. The various parameters like molar ratio (acid: alcohol), enzyme loading, ultrasound power and duty cycle were optimized by using central composite design (CCD) and response surface methodology (RSM).
Titrimetric analysis
The analysis of the samples was done by titrimetric analysis. The acid value of the reaction was obtained by titrating it with 0.025 M KOH solution using phenolphthalein as an indicator and ethanol as a quenching agent. The acid value was calculated by using the following equation (Bucalá et al., 2006) ( ) ( ) ( )
Normality of KOH M B mL Acid value
Weight of sample g
where B is the burette reading in mL. The conversion (%) of reacted acid was determined from the acid values obtained for the initial sample and final samples.
NMR analysis
For the evaluation by the 1 H NMR method, the product was purified by simple distillation. The reaction mixture was filtered through Whatman paper to remove the immobilized enzyme. The unreacted palmitic acid in the reaction mixture was neutralized with Na 2 CO 3 and the traces of formed salt removed by several water washings. Anhydrous MgSO 4 was added to the remaining mixture as a drying agent to remove the water from the mixture. The residual 2-ethylhexanol was removed by distillation. The chemical structure of the purified 2-ethylhexyl palmitate was authenticated by 1 H NMR analysis in CDCl 3 using an Agilent (1) Technology MR400 spectrometer. The NMR spectra were recorded in deuterated chloroform by using tetramethylsilane as an internal standard. The relative areas of the signals were obtained by electronic integration and the chemical shifts (δ) are expressed in ppm relative to the standard signal and the multiplicities (s=singlet, t=triplet, and m=multiplet) and coupling constants (J) in Hz were calculated.
Evaluation of physicochemical properties
The properties of 2-EHP were tested using standard methods, namely acid number: AOCS, 2009; density: ASTM, 2016a; kinematic viscosity: ASTM, 2017a; moisture content: ASTM, 2016b; pour point: ASTM, 2017b; Refractive index: A.O.C.S. Official Method Tp 1a-64.
Design of experiment for RSM
A 4 factor 3 level experimental design was considered for the synthesis of 2-ethyl hexyl palmitate, leading to a set of 30 experiments. The variables and their levels for the synthesis of 2-ethylhexyl palmitate, i.e., molar ratio (1:3 -1:7), enzyme loading (3-7% (w/w)), ultrasound power (60-100 W) and duty cycle (30-70 %), were obtained based on preliminary experiments. The four variables and their levels are shown in Table 1 . The design expert 9.0 version was used to determine the regression and for graphical analysis of the obtained data. The second-order polynomial equation for the variables was as follows (Bezerra et al., 2008; Martins et al., 2013) :
reaction mixture (Gharat & Rathod, 2013) . The five successive cycles of the reaction were carried out for the reusability study.
Scanning electron microscopy (SEM)
The morphology of untreated enzyme and ultrasound assisted irradiated immobilised enzyme after reusability cycles was examined by scanning electron microscopy with a JEOL-JSM 6380 LA instrument. The analysis of the Fermase CALB 10000 enzyme was performed before and after the ultrasonic irradiation.
RESULTS AND DISCUSSION
Effect of reaction time
The effect of reaction time on the esterification of 2-ethyl hexanol and palmitic acid by Fermase CALB 10000 was carried out in an ultrasound bath and results are depicted in Figure 1 . It is observed that the percentage conversion of 2-ethylhexyl palmitate increased to 94.39% with an increase in time up to 120 min. As the reaction proceeds further, a marginal change in percentage conversion was detected after 120 min. Therefore, 120 min was considered as an optimum reaction time for further reactions. In previous literature, Richetti et al. (2010b) reported 6 h reaction time for the synthesis of 2-ethylhexyl palmitate with Novozym 435 in conventional synthesis. However, in the present study, the application of low-intensity ultrasound may reduce the reaction time to 120 min. This indicated that ultrasound may deliver better mixing of substrate solution which increased the interaction between the substrate and enzyme. n n n 1 n 2
where Y is the conversion (%), β 0 the constant, β i the coefficients for the linear, β ii coefficients for the quadratic, and β ij for the interaction effects. The X i and X j are the coded level of variables xi and x j . The design expert 9.0 was used to determine the surfaces plot for variables using the above equation .   Table 1 . The variables and their experimental design levels.
Enzyme reusability
The reactions were carried out at optimized conditions obtained by RSM. At the end of the reaction, the lipase was filtered and washed with acetone to remove traces of substrate or products. The washed lipase was dried at 40°C and introduced into a fresh 
Model fitting and analysis of variance (ANOVA)
RSM is an empirical statistical technique used to obtain statistically acceptable results from a lower (2) number of experimental runs. It is an excellent technique for the optimization of the process, appraising the effect of multiple parameters around reaction variables (Melo et al., 2005) . Table 2 shows the designed experiments and the actual and predicted results for ultrasound assisted 2-ethylhexyl palmitate (2-EHP) synthesis for 120 min of reaction by using Fermase CALB 10000 as a biocatalyst. The other parameters such as 60°C temperature, 200 rpm speed and 25 kHz frequency of ultrasound were kept constant in all the runs of the experimental design. The response surface regression method was used to fit to a second-order polynomial quadratic equation and Eq.
(2) is given below: polynomial model was highly noteworthy with very low P-value < 0.0001 and the F-value (779.36). The value of R 2 (coefficient of determination) determines the overall performance of the model. The high value of R 2 (0.99) and R 2 with adjustment, R 2 adj (0.99), close to 1 indicates the significance of the model (Chang et al., 2005; Kapucu et al., 2003) . This represents the close correlation between theoretical and predicted values. The results revealed that the molar ratio (A), enzyme loading (B) and ultrasound power were the most significant factors with a low p-value (<0.0001) applying the effect on the conversion (%) of 2-EHP. The ultrasound duty cycle is not significant for 2-EHP conversion. The interaction terms (AB, BC, BD) and the quadratic terms (A 2 , B 2 , C 2 , D 2 ) are significant. However, the interaction terms (AC, AD, CD) are not significant. Figure 2 illustrates the experimental values of conversion (%) versus those predicted by the model and the linearity shows the good fit of the model.
Among different runs, the highest conversion (96.87%) was obtained in run no. 28 (1:5 acid:alcohol, 5 % enzyme loading, 80 W power and 50% duty cycle) and the lowest conversion (61.36 %) in run no. 16 (1:3 acid:alcohol, 3% enzyme loading, 80W power, 50 % duty cycle). These outcomes are different than reported 
where A, B, C and D are the coded values of molar ratio, enzyme loading, ultrasound power, and duty cycle, respectively. Table 3 shows the analysis of variance (ANOVA) for the model. The ANOVA specifies that the second-order Table 2 . Central composite rotatable second-order design, experimental data, and predicted values for 4-factor-5level response surface analysis.
(3) in previous literature (Richetti et al., 2010a; Richetti et al., 2010b) , where Novozym 435 and Lipozyme RM IM were used as biocatalyst with standard mechanical stirring. Richetti et al. (2010b) revealed that for 93% conversion of 2-EHP, the optimized conditions were: palmitic acid:2-ethyl hexanol ratio; 1:5.5, 70 °C temperature, 10.5 wt.% enzyme concentration, 150 rpm speed of agitation and 6 h reaction time. In the presence of Lipozyme RM IM as a catalyst, the optimum conditions for the synthesis of 2-EHP were: palmitic acid:2-ethylhexanol ratio 1:3, temperature 70°C, enzyme loading 10 wt.%, 150 rpm, giving 95.22% conversion in 6 h (Richetti et al., 2010a) . In the present study, the optimization process confirmed that ultrasound irradiation intensifies the process by reducing the amount of enzyme and reaction time along with higher percentage conversion.
Mutual effect of parameters
The response surface plot provides the variation of percentage conversion of 2-ethylhexyl palmitate (2-EHP) with independent variables and is shown in Figure 3 -8. Each 3D surface signifies a limitless combination of two variables by keeping the other two variables at their zero levels. Figure 3 shows the 3D surface plot for 2-EHP conversion versus molar ratio of palmitic acid to 2-ethylhexyl alcohol and enzyme loading when ultrasound power (80 W) and duty cycle (50 %) were kept at zero levels. The conversion was increased up to 96% with an increase in molar ratio and enzyme loading from 1:3 to 1:5 and 3% to 5 % (w/w) respectively. The esterification reaction is reversible in nature and required excess alcohol to favor the forward reaction for cosmetic emollient. It can be observed that there is a decrease in the reaction conversion by changing the molar ratio from 1:5 to 1:7. However, an excess of alcohol may denature the enzyme activity and reduce the conversion . Figure 4 represents the response surface plot for percentage conversion of 2-EHP as a function of ultrasound (US) power and the molar ratio at a fixed enzyme loading 5% (w/w) and duty cycle 50%. It can be observed that, as the molar ratio and ultrasound power increase from 1:3-1:5 and 60 W-80 W, respectively, a significant increase in conversion was observed. When ultrasound power increases from 60 W to 80 W, the cavitation enhances in the reaction mixture which decreases the mass transfer barrier between the reactants. Alternatively, enzyme-substrate complex increases and also the conversion of the ester (Subhedar & Gogate, 2016) . Above a 1:5 molar ratio and 80 W, conversion did not increase quickly. This may be due to an excess of alcohol beyond the limit that may inhibit the activity of the enzyme. The high ultrasound power may damage the structure of the enzyme, which leads to a decrease in conversion (Badgujar et al., 2016) . Figure 5 shows the mutual effect of the duty cycle and the enzyme loading on the % conversion keeping other parameters at their centre values. It is observed that an increase in duty cycle from 30% to 50% and enzyme loading from 3% to 5% may enhance the conversion up to 96 % due to an increasing number of catalytic active sites which accelerates the reaction towards the forward direction (Zhang et al., 2016) . Up to 50 % duty cycle, the conversion reached the maximum level and beyond this conversion decreased. The optimum ultrasound irradiation may enhance the reactivity of immobilized enzyme which alters the rate of conversion (Waghmare & Rathod, 2016) . Figure 6 depicts the effect of US power and duty cycle on the conversion of 2-ethylhexyl palmitate when the molar ratio and enzyme loading were held at zero. The most favourable duty cycle appeared to be 50 % (10 min ON and 10 min OFF of ultrasound irradiation time). With an increase in duty cycle and ultrasound frequency, the conversion increases due to cavitation phenomena. Cavitational impacts might be influenced unfavourably at the higher power level.
The high ultrasound power and duty cycle decrease the percentage conversion, which is attributed to the inactivation of lipase due to excess of ultrasound waves (Bansode & Rathod, 2017) . Figure 7 shows the interaction between molar ratio and duty cycle by keeping other factors at their centre values. The minimum molar ratio (1:3) and duty cycle (30%) give minimum conversion (61%), while the increase in ratio to 1:5 with 50 % duty cycle produces maximum conversion (96%). Upon increasing the duty cycle to 70%, the conversion was decreased to 68%; this is attributed to the inactivation of the enzyme due to excess irradiation (Khan et al., 2018) . The interactive effect between US power and enzyme loading was shown in Figure 8 . In the beginning, the conversion increases sharply as power increases from 60 W to 80 W, while with an increase in enzyme loading and when the power exceeded 80 W, the conversion decreases. The optimum ultrasound irradiation may enhance the rate of reaction, but an excess of ultrasound power may inactivate the enzyme or reduce the activity of the enzyme (Khan et al., 2016) . Table 4 shows the comparative results of conventional and ultrasound assisted synthesis for 2-ethylhexyl palmitate. The conventional synthesis (Richetti et al., 2010b) reported earlier showed higher enzyme loading, longer reaction time with low conversion for 2-ethyl hexyl palmitate (Table 4 ). The present work reveals the significance of ultrasound technology for optimal and improved reaction conditions with the help of RSM. All variables were studied at the same time by central composite design, to identify their best combinations and their interactions.
Optimum conditions and validation of the model
The optimum parameters for Fermase CALB 10000 catalyzed synthesis of 2-ethylhexyl palmitate were determined using design expert 9.0 software. The acceptability of the model was examined by another independent condition given by ridge max analysis. The optimal conditions for maximum conversion were obtained at 1:5.5 substrate molar ratio of palmitic acid to 2-ethyl hexanol; 5.61 % (w/w) molar ratio, 79.54 W ultrasound power and 48.04 % duty cycle at 60°C in 120 min of reaction. At these optimum conditions, experiments were conducted in triplicate to verify *SFS-solvent free system. Figure 9 shows the 2-ethylhexyl palmitate 1 H NMR spectrum in CDCl 3 . The NMR spectrum confirmed the 2-ethylhexyl palmitate synthesis and the chemical shifts (δ) of the 1 H NMR (400 MHz, CDCl 3 , TMS) spectrum are as follows: 3.97 (s, 2H), 2.28 (d, 2H), 2.15 (s, 1H), 1.59 (s, 4H), 1. 53-1.16 (m, 30 H), 0.87 (s, 9H) .
Confirmation of product formation by 1 H NMR
Physicochemical evaluation of 2-EHP
The emollient properties of 2-EHP were studied and the observed results are listed in Table 5 . The acid value of 2-EHP was only 0.62 mg KOH g -1 indicating the low corrosive effect. The kinematic viscosity of 2-EHP was 8.39 mm 2 s -1 at 40 °C, suggesting good spreadability. The moisture content of 2-EHP was 0.54 wt%, which met the requirement for an emollient. Pour point is an important factor for the application of ester at low temperatures. The pour point of 2-EHP was determined to be -3.5°C, which was significantly low. The refractive index of 1.45 indicates good luster imparting properties.
Reusability of enzyme
The reusability study is very important because it significantly reduces the process cost and accelerates the industrial application. The reusability of Fermase CALB 10000 was detected by conducting 5 cycles of reactions under optimized process parameter conditions. After each cycle, the enzyme was treated as described in section 2.5. The same steps were followed after each cycle and treated enzyme used in the fresh reaction. Figure 10 shows a decrease in the conversion from 96.56% to 84.13 % after five successive cycles under ultrasound irradiations. The decrease in conversion was due to excess exposure of ultrasound irradiation that may denature the enzyme (Gharat & Rathod, 2013; Sinisterra et al, 1992) . The feasibility of the enzyme-catalyzed reaction was determined by calculating the amount of desired product (kg) per kg of immobilized enzyme at each cycle of reusability. Here we obtained 89 kg of 2-EHP per kg of the immobilized Fermase enzyme after 5 cycles of reusability. Tufvesson et al., (2011) reported a range of required productivity for different types of processes and products, based on typical values of biocatalyst and product cost. Although the value obtained is lower than reported for industrial feasibility, only 5 cycles are reported, which can be further continued up to 10-15 cycles, making the process industrially feasible. Considering the current scenario, enzyme catalysis is quite expensive in terms of process cost per kg of the enzyme, but considering the benefits of the enzymatic process it is far better in terms of environmental protection, minimization of process cost by reducing/ eliminating down streaming costing and the purity of the products. In the future, advancement in biotechnology and genetic studies may decrease the overall process cost and could be used as an effective catalyst. Figure 11 shows the images of the unused and ultrasound irradiated reused immobilized lipase after 5 cycles of reusability. From the figure, it is revealed that repeated use of enzyme in presence of ultrasound irradiation causes morphological changes. Figure  11 (A) shows that untreated enzyme was kind of smooth; whereas the reused enzyme structure in Figure  11 irradiation. Similar kind of the surface morphology was observed by Subhedar and Gogate (2016) in the presence of ultrasound treatment for the immobilized Lipozyme TLIM lipase. The ultrasound usage affects the modification in the immobilized Fermase CALB 10000 enzyme with respect to morphological as well as at the molecular level. The repetitive use of enzyme with ultrasound causes the deactivation of the enzyme.
Surface morphology of immobilized lipase
CONCLUSION
The ultrasound assisted synthesis of 2-ethylhexyl palmitate was successfully carried out with Fermase CALB 10000 as a biocatalyst. The optimization of the process was performed by RSM using central composite design in a solvent free condition. Four variables, namely, molar ratio, enzyme loading, ultrasound power and duty cycle, were appraised. The molar ratio, enzyme loading, and ultrasound power show a significant effect on the conversion, while duty cycle did not show a significant effect. The ANOVA analysis predicted the good fit of the model. The highest conversion (96.56 %) was achieved at 1:5.5 acid to alcohol molar ratio, 5.61 % enzyme loading, 79.54 W ultrasound power and 48.04 % duty cycle in shorter reaction time (120 min). The RSM method gives a 2-3% increase in conversion as compared to the one factor at a time method. The ultrasound energy improves the conversion of 2-ethylhexyl palmitate by reducing reaction time and enzyme amount when compared to conventional synthesis. Therefore, this study proves that ultrasound assisted enzymatic synthesis is a clean technology for the synthesis of 2-ethylhexyl esters due to cavitation phenomena, which enhance the mass transfer in a heterogeneous system and accelerate the conversion of ethylhexyl esters.
